between the cold tolerance of insect species and their ability to maintain ion and water 23 homeostasis at low temperature. This is also the case for drosophilids where studies have already 24 established how inter-and intra-specific differences in cold tolerance are linked to the secretory 25 capacity of Malpighian tubules. However, presently there is little information on the effects of 26 temperature on the reabsorptive capacity of the hindgut in Drosophila. To address this question 27 we developed a novel method that allows for continued measurements of hindgut ion and fluid 28 reabsorption in Drosophila. Firstly we demonstrate that this assay is temporally stable (> 3 29 hours) and that the preparation is responsive to humoral stimulation and pharmacological 30 intervention of active and passive transport in accordance with the current insect hindgut 31 reabsorption model. Using this method at benign (24°C) and low temperature (3°C) we 32
Introduction 41
Maintenance of a relatively stable extracellular environment is essential for cell function and 42 ultimately survival of most animals (Bernard, 1872) . The concentrations of major ions and the 43 volume of the extracellular fluid are maintained primarily through the actions of the secretory 44
Malpighian tubules and the absorptive hindgut in insects (Beyenbach and Piermarini, 2008; 45 Edney, 1977; Phillips, 1970) . These osmoregulatory organs act in synchrony to balance the 46 passive movement of ions and water across gut epithelia and integument whereby they help to 47 secure ion and water homeostasis. Secretion and reabsorption of ions and water involve energy-48 demanding ion pumps that, accompanied by co-transporters and ion exchangers, regulate 49 movement of ions and water (Beyenbach and Piermarini, 2011; O'Donnell et al., 2003; Phillips, 50 influenced by the availability of the "Ramsay assay" which represents an easy and effective 72 method to study epithelial transport and regulation in insects (see Ramsay (1954) , but also Dow 73 et al. (1994) , Rheault and O'Donnell (2004) , and Davies et al. (2019) for more recent 74 applications). However, Malpighian tubules only represent the "secretory half" of the 75 osmoregulatory organs and historically there has been a shortage of studies investigating hindgut 76 reabsorbtion in small model insects such as Drosophila (Black et al., 1987; Hanrahan et al., 77 1984; Phillips et al., 1987; Phillips et al., 1996) . However, recent studies of osmoregulatory 78 function of drosophila has become possible with the use of scanning ion-selective electrode 79 technique (SIET) which estimates the net ion flux, but cannot quantify bulk ion or fluid transport 80 in these small species ( water movements under in vitro conditions that mimic in vivo ion and temperature conditions. 86
The transport mechanisms currently known to occur in the hindgut (i.e. the rectal pads) of 87 herbivorous insects include basolateral Na + /K + ATPases which maintain a favorable gradient for 88 Na + reabsorption across the apical membrane aided by H + /Na + , amino acid/Na + , and NH 4 + /Na + 89 exchangers. Reabsorption of K + is intimately linked to apical Cltransport, and although the 90 exact mechanisms is still debated, two main non-mutually exclusive hypotheses suggest that Cl -91 is reabsorbed via 1) H + recycling through H + /Clsymporters and apical V-type H + ATPase 92 activity and/or 2) direct Clreabsorption via an electrogenic Clpump (see Gerencser and Zhang 93 (2003) , Hanrahan and Phillips (1983) , Phillips (1981) , Phillips et al. (1987) , and Phillips et al. 94 (1996) ). Fluid reabsorption is thought to occur through the scalariform complex in the hindgut 95 (Phillips, 1981; Wall and Oschman, 1975; Wall and Oschman, 1970) . Here, the combination of a 96 highly convoluted intercellular space and a high density of energy-demanding Na + /K + ATPases 97 in the intercellular membrane creates an osmotic gradient through the paracellular space of the 98 rectal pads, drawing water through to the basolateral side of the epithelium (Gupta et al., 1980; 99 Phillips et al., 1987) . Despite this knowledge of transport mechanisms, few studies have actually 100 measured the transport of fluid and ions across the hindgut of small insects and no study has so 101 far been able to measure the net movement of ions and water across the Drosophila hindgut. It 102 has therefore also been difficult to study the thermal dependency of net transport and evaluate 103 putative role of hindgut capacity in relation to inter and intraspecific differences in cold tolerance 104 of this species group. 105
In the present study, we present a novel assay capable of measuring in vitro ion and water 106 reabsorption across the Drosophila hindgut. In our initial experiments we demonstrate the 107 temporal stability of this assay and investigate how pharmacological blockade of central ion 108 transporters and channels inhibit reabsorption. After these descriptive experiments we use the 109 assay to compare hindgut reabsorption at benign (24°C) and low temperature (3°C) in three 110 species of Drosophila (D. montana, D. melanogaster and D. birchii) characterized by large 111 differences in cold tolerance. Similarly, we use this assay to evaluate the effects of cold 112 acclimation by investigating hindgut transport in in cold-and warm-acclimated Drosophila 113 melanogaster. With these experiments we test the hypothesis that cold tolerant species and cold-114 acclimated D. melanogaster exhibit adaptive changes in reabsorption capacity that will help 115 them to prevent hemolymph hyperkalemia during cold exposure. Specifically, we hypothesize 116 that cold acclimation and cold adaptation is associated with the ability to suppress K + 117 reabsorption and to maintain Na + and water reabsorption during exposure to low temperature. 118
Materials and Methods 119
Animal husbandry 120
The present study investigated three species of Drosophila ( and hindgut) was carefully dissected out, while ensuring that a small piece of cuticle remained 146 around the anus (a representative drawing and a photo of the assay is shown in Fig. 1 ). The 147 isolated gut was then gently transferred to a 50 L droplet of Drosophila saline kept under 148 paraffin oil. Using fine forceps (Dumont #5, 0.05 x 0.02 mm tips, Fine Science Tools Inc., Foster 149 City, CA, USA) attached to a micromanipulator the hindgut was carefully drawn horizontally out 150 of the droplet by gripping the small piece of cuticle still attached to the anus. This procedure 151 isolates the hindgut from the remaining gut and Malpighian tubules (which remains immersed in 152 the 50L saline droplet). Any saline that still clings to the hindgut after this procedure is 153 removed using a pulled glass capillary. Next, the isolated hindgut is superfused with a smaller 154 droplet of saline (0.2 L for D. birchii and D. melanogaster and 0.3 L for D. montana). This 155 droplet contains 100 M of amaranth so it is easy to see under the microscope and the amaranth 156 also makes it easy to see if the small droplet (0.2-0.3 L) fuses with the larger (50 L) droplet. 157
The small droplet clings to the hindgut because of surface tension, and will not envelop the anus 158 because of the hydrophobic nature of the cuticle that still remains ( Fig. 1) . This preparation 159 therefore has the added benefit that any discharge from the gut will be delivered outside of the 160 saline droplet as fecal droplets which sink to the bottom of the petri dish. 161
Over time the isolated hindgut will reabsorb ions and water and the small droplet 162 surrounding the hindgut will gradually change its volume and ion-concentrations as the initial 163 saline is altered by the reabsorbate. After a given time period (typically 1 h at 24°C) it is possible 164 to sample the droplet and store it under the hydrated paraffin oil for later estimations of volume 165 and ion concentration. Water reabsorption rate was then calculated from the change in volume relative to the initial 174 volume (0.2 or 0.3 L) as follows: 175
where J fluid is the fluid reabsorption rate (nL min -1 ), Volume is the change in volume (in nL), 176 and t is the duration of the experiment (in minutes).
177
Ion concentrations (Na + and K + ) in the saline-reabsorbate mixture were measured using 178 ion-sensitive microelectrodes that were constructed as described in MacMillan et al. (2015a) . 179
Before measurements the electrodes were calibrated in buffers with an order of magnitude 180 difference in concentration (10 and 100 mM for K + , and 30 and 300 mM for Na + ; osmolality was 181 maintained by adding LiCl to the lower concentration standards). The recorded voltage change in 182 these electrodes follows a Nernstian relationship with concentration (58.2 mV per 10-fold 183 change in concentration). Only electrodes where a 10-fold change in concentration elicited a 184 voltage-change between 52 and 62 mV (means ± standard deviation; K + : 56.3 ± 1.9 mV, Na + : 185 55.7 ± 1.7 mV) were deemed useful and outliers were discarded. Raw voltages were digitized 186 using a MP100A data acquisition system and recorded using AcqKnowledge software (Biopac 187 Systems, Goleta, CA, USA). Using these electrodes ion concentrations were calculated as 188 follows: 189
is the concentration of either Na + or K + in the sample reabsorbate in mM, [c] is the 190 concentration in the calibration buffer with the lowest calibration (30 or 10 mM, for Na + and K + 191 respectively), S is the voltage-change observed with a 10-fold change in concentraiton, and V is 192 the difference between the voltage measured in the lower calibration fluid and the saline-193 reabsorbate mixture. 194
Measurement of ion reabsorption rate was calculated based on differences in ion 195 concentrations and volume of the initial and final droplet surrounding the hindgut. To do this the 196 following formula was used: 197
where J ion is the rate of ion reabsorption (in pmol min -1 ), [ion] end and [ion] start are the 199 concentrations of either Na + or K + in the saline-reabsorbate mixture at the experiment end and 200 start, respectively (in mmol L -1 ). V start is the volume of saline supplied to the hindgut in the 201 beginning of the experiment (0.2 or 0.3 µL) and V end is the volume of the saline-reabsorbate 202 mixture at the end of the experiment. t is the duration of the experiment (min). 203
Experimental protocol and validation of assay 204
The primary scientific aim of the present study was to investigate if/how thermal adaptation and 205 acclimation affects the hindgut capacity to maintain ion balance in Drosophila exposed to low 206 temperature. To address this question a novel method was developed to assess quantitatively the 207 movements of fluid and ions over the hindgut epithelia of Drosophila. To validate this new 208 methodology a series of experiments was run to investigate the temporal stability of the assay 209 and to briefly examine how active transport could be manipulated both at the hindgut and 210 upstream at the level of the Malpighian tubule. These experiments were all performed in D. 211 melanogaster at room temperature (22-23°C). 212
Initially the temporal stability of the assay was tested by measuring ion and fluid 213 reabsorption rates every hour for four hours (N = 4). After ensuring the temporal stability of the 214 assay, the effects of NaCN inhibition was investigated to examine if ion and water flux was 215 related to active transport. These experiments were performed by initially measuring flux under 216 control conditions over the first hour and subsequent measure flux following addition of 1 mmol 217 L -1 NaCN (N = 5). NaCN was added to both the large and small droplet to block all aerobically 218 driven active transport in the Malpighian Tubules, foregut and midgut (large droplet) as well as 219 in the hindgut (small droplet). In two additional sets of experiments the effects of partial 220
blockade of active transport was tested by adding NaCN (1 mmol L -1 ) to either the small droplet 221 (to inhibit only the hindgut) or the large droplet (to inhibit only the upstream secretion) (N = 3 222 for each experiment). 223
To examine the role of major transporters involved in hindgut reabsorption the hindgut of 224 D. melanogaster was subjected to three pharmacological agents that inhibit transporters and 225 channels involved in ion and fluid reabsorption: 1) Na + /K + ATPase activity was inhibited with 226 ouabain (1 mmol L -1 , N = 5); 2) V-type H + ATPase activity was inhibited with bafilomycin A 1 227 (10 mol L -1 in 2% DMSO, N = 5) (a parallel experiment tested the effect of saline with 2% 228 DMSO on hindgut reabsorption to ensure that this was not an effect of the DMSO (N = 3)); 3) 229 general Cltransport was inhibited with 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS, 230 100 mol L -1 , N = 4) (all chemicals from Sigma Aldrich, St. Louis, MO, USA, except for the 231 bafilomycin A 1 which was from Cayman Chemicals, Ann Arbor, MI, USA). For all treatments, 232 the hindgut was first measured under control conditions after approx. 1 hour. The preparation 233 was then incubated for 10-15 min with pharmacological agents before the small droplet was 234 changed to assess the effects of pharmacological blockade over a subsequent hour (during this 235 time the preparation was also exposed to the pharmacological agents). 236
We also investigated stimulation of active transport by stimulating the cAMP pathway. 237
To do so, 1 mmol L -1 of the cAMP stimulator 8-bromoadenosine 3′, 5′-cyclic monophosphate 238 (Sigma Aldrich, St. Louis, MO, USA) was added to the buffer (both droplets) to stimulate both 239 secretion by the Malpighian tubules and reabsorption at the hindgut. Lastly, an experiment was 240 performed in which the concentration of Na + in the saline was lowered from the initial 137 mM 241 to 65 mM (N = 6). For these experiments it was not possible to change the buffer in which the 242 gut was suspended and these experiments are therefore not compared to the control situation of 243 the same preparations. Instead the absolute transport rates are compared to the average of the 244 other controls performed at room temperature (22-23°C). 245
246
The effects of adaptation and thermal acclimation on hindgut reabsorption capacity 247
As mentioned above a main objective of this study was to investigate and compare the 248 osmoregulatory capacity at benign and low temperature in three Drosophila species with marked 249 differences in cold tolerance (N = 7 per species and temperature). Likewise, D. melanogaster 250 acclimated to 15, 19 and 23°C (N = 7-9 per acclimation temperature and test temperature) were 251 compared to investigate how acclimation influenced hindgut ion and water flux. For all these 252 experiments ion and water flux was measured at room temperature (24°C) first, after which 253 temperature of the preparation was lowered to 3°C by circulating a cooled 1:1 mixture of water 254 and ethylene-glycol through the water-jacketed stage, in which the preparation was kept. Once at 255 3°C, the procedure of preparing the assay was repeated to obtain repeated measurements of fluid 256 and ion reabsorption. As expected the transport rates were much lower at low temperature and 257 consequently measurements took longer to achieve a reasonable change in droplet volume and 258 content (~ 3-5 h at 3°C compared to ~ 1 h at 24°C). 259
Data analysis 260
To estimate the effect of temperature on the transport of ions and water the temperature 261 coefficients (Q 10 ) were calculated for all three species and for warm and cold acclimated D. 262 melanogaster as follows: 263
, where R 2 is the rate of reabsorption at the highest temperature (T 2 , 24°C) and R 1 is the rate of 265 reabsorption at the lowest temperature (T 1 , 3°C). 266
To examine if temperature influenced the selectivity of ion transport (Na + transport 267 relative to K + transport), the temperature effect ratio was calculated as follows: 268
, where the Na + reabsorption and K + reabsorption represent the absolute changes in Na + and 270 K + reabsorption induced by exposure to 3°C relative to 24°C, respectively. 271
Statistical analyses 272
All statistical analyses were performed in R 3.6.1 software (R Core Team, 2019). The stability of 273 fluid and ion reabsorption over time was analyzed using a linear mixed effect model by using the 274 lme() function in the nlme package for R (with time as a fixed factor and the fly as a random concentration in the saline was tested using an unpaired Students t-test to comparing the "low 280 Na + " reabsorption rate with the average of reabsorption rate from all other control measurements 281 at room temperature that had been performed in "high Na + " saline. 282
The effects of species/acclimation and temperature on fluid and ion (Na + and K + ) 283 reabsorption rates were analyzed using linear mixed effect models where species (D. birchii, D. 284 melanogaster or D. montana) or acclimation temperature (15, 19 or 23°C) were included in the 285 model as fixed factors along with temperature, while the individual fly was included as a random 286 factor. Interspecific differences in Q 10 's and temperature effect ratios were analyzed using 287 separate one-way ANOVA's and followed by Tukey's Honest Significant Differences post hoc 288 tests. It was, however, not possible to calculate Q 10 for Na + reabsorption of D. birchii (because of 289 negative rates of reabsorption at low temperature) and the difference between D. montana and D. 290 melanogaster was therefore analyzed using a Students t-test. A similar set of analyses were 291 performed for the acclimation experiments. In all analyses, the critical level of significance was 292 0.05, and all values presented are means ± s.e.m. Full details of all analyses can be found in 293 Tables S2 and S3 . 294
Results 295
Experimental evaluation of hindgut assay 296
To examine the temporal stability of reabsorption rates in our novel hindgut assay, we collected 297 samples every hour for 4 hours from hindguts of D. melanogaster operating at room temperature 298 (Table 1) . Fluid reabsorption showed a slow decline over time (P = 0.020), but remained stable 299 for the two first hours before the decline became statistically significant. A similar temporal 300 decline was found for Na + reabsorption (P = 0.005), while the trend for a decline in K + 301 reabsorption did not reach statistical significance (P = 0.122). In the remaining experiments 302 evaluating the effects of various pharmacological interventions we obtained a control 303 measurement during the first hour followed by a measurement under "treatment conditions" 304 during the following hour. The relative changes in activity associated with the pharmacological 305 intervention can therefore be compared to the small (and non-significant) changes observed 306 between hour 0 and 1 in the control for time ( Table 1) . 307 Table 2 reports the control values from the preparations used in different experimental 308 series and we found that the preparations were performing at stable rates across the different 309 experiments. Thus, average fluid reabsorption rates were 1.0 nL min -1 (standard deviation: 0.1, 310 range: 0.8 -1.2), average K + reabsorption rates were 17.2 pmol min -1 (standard deviation: 1.5, 311 range 14.9 -20.3), and average Na + reabsorption rates were 69.3 pmol min -1 (standard deviation: 312 6.4, range 58.5 -77.8). 313
The effects of pharmacological stimulation/inhibition of ion transport are also reported in 314 Table S2 for statistical analyses). Hindgut reabsorption is clearly dependent on 315 aerobic ATP production since exposure to 1 mmol L -1 NaCN caused a 59.5 ± 8.6 % reduction in 316 fluid reabsorption rate and a 67.2 ± 7.5 % and 71.7 ± 9.5 % reduction in K + and Na + reabsorption 317 rates, respectively. Hindgut reabsorption of fluid and ions is naturally also dependent on the 318 provision of fluid and ions originating from the fore-and midgut as well as the Malpighian 319 tubules. Thus, hindgut reabsorption was also reduced markedly (and significantly) when active 320 transport was blocked upstream of the hindgut by using 1 mmol L -1 NaCN in the large droplet: 321 Fluid reabsorption was reduced by 68.7 ± 7.0 %, K + reabsorption by 61.9 ± 4.4 %, while Na + 322 reabsorption was reduced by 74.7 ± 10.0 %. In accordance with these results we found that 1 323 mmol L -1 NaCN exposure to both the hindgut and the upstream osmoregulatory organs resulted 324 in a severe inhibition of fluid (-83.4 ± 6.4 %), K + (-78.3 ± 2.3 %), and Na + (-96.9 ± 4.9 %) 325 reabsorption ( Table 2) . 326
We also briefly examined the role of major ion transporters and channels suspected to be 327 involved in hindgut reabsorption of Drosophila. We first blocked Na + /K + ATPase activity with 328 ouabain (1 mmol L -1 ). This resulted in a 51.8 ± 13.6 % decrease in fluid reabsorption. K + 329 reabsorption remained relatively unchanged (2.0 ± 18.9 % decrease) while Na + reabsorption 330 showed a non-significant drop of 38.0 ± 11.7 %. 331
Application of the V-type H + ATPase blocker bafilomycin A 1 (10 mol L -1 ) resulted in a 332 reduction of fluid reabsorption by 45.2 ± 4.7 %. K + reabsorption was slightly, and non-333 significantly reduced (17.0 ± 16.6 % decrease) while Na + reabsorption decreased by 60.2 ± 5.7 334 %. The addition of bafilomycin A 1 required the use of a 2% DMSO concentration in the saline. 335
However, a parallel set of experiments showed that 2% DMSO alone had neither major, nor 336 significant effects on reabsorption rates ( Table 2) . 337 DIDS (100 mol L -1 ) was used to block all Cl --related transporters and channels in the 338 hindgut and the application of DIDS resulted in an almost complete abolishment of all transport; 339 fluid reabsorption was reduced by 83.5 ± 3.9 %, K + reabsorption by 77.7 ± 6.7 %, and Na + 340 reabsorption by 92.3 ± 2.8. 341
To examine if hindgut reabsorption is regulated through a cAMP dependent pathway the 342 cAMP stimulator 8-bromo cAMP was added (1 mmol L -1 ) resulting in a 47.1 ± 10.3 % increase 343 in fluid reabsorption associated, a doubling of K + reabsorption (101.8 ± 28.1 % increase) and a 344 67.6 ± 18.7 % increase in Na + reabsorption. and low (D. birchii) tolerance to cold. Fluid reabsorption rates were similar at warm temperature 355 in all species (approximately ~ 0.9 nL min -1 ) (P = 0.716) ( Fig. 2A) . As hypothesized, fluid 356 reabsorption decreased in all species during cold exposure (P < 0.001), and this effect tended to 357 be more extreme in the most cold sensitive species such that fluid reabsorption rate was 358 decreased to 0.06 ± 0.02 nL min -1 in D. birchii, 0.15 ± 0.03 nL min -1 in D. melanogaster, and 359 0.22 ± 0.04 in D. montana, despite not being statistically significant (P = 0.279). This tendency 360 was more obvious (and significant, P = 0.004) when the response to lowered temperature was 361 analyzed from the species specific Q 10 's which ranged from 4.5 ± 0.8 for D. birchii to 2.6 ± 0.3 362 for D. melanogaster and 1.9 ± 0.2 for D. montana (Fig. 2B) . 363
The K + reabsorption rate differed between the three species at 24°C with the highest rate 364 (29.3 ± 2.6 pmol min -1 ) in the cold tolerant D. montana, an intermediate rate (16.9 ± 1.9 pmol 365 min -1 ) in D. melanogaster and the lowest rate (8.0 ± 1.5 pmol min -1 ) in the cold sensitive D. 366 birchii (P < 0.001) (Fig. 2C) . Cooling to 3°C reduced K + reabsorption in all species (P < 0.001), 367 but did so in a species-specific manner (P < 0.001) such that is was decreased to ~ 1-4 pmol min -368 1 in all species at 3°C. These differences were, however, not reflected in their respective Q 10 369 values, where D. montana (3.5 ± 0.6) tended to have a higher Q 10 than D. melanogaster (2.3 ± 370 0.2), but relatively similar to that of D. birchii (2.9 ± 0.6) ( Fig. 2D) . 371
Rates of Na + reabsorption varied significantly between species at warm temperature ( Fig.  372 2E) with values of 76.0 ± 6.9, 70.5 ± 6.2 and 56.0 ± 8.1 pmol min -1 for D. montana, D. 373 melanogaster and D. birchii, respectively (P = 0.001). Cold exposure decreased Na + reabsorption 374 in all species (P < 0.001), and the absolute reduction was similar across the three species (no 375 interaction, P = 0.552) such that the highest Na + reabsorption was found in D. montana (25.4 ± 376 5.6 pmol min -1 ), followed by D. melanogaster (12.1 ± 2.6 pmol min -1 ), while D. birchii switched 377 to net Na + secretion (-7.4 ± 4.1 pmol min -1 ) ( Fig. 2E) . The negative rate of reabsorption found 378 for D. birchii prevents a calculation of a Q 10 , however, when comparing Q 10 's for the two other 379 species we found a non-significant tendency (P = 0.096) for a lower Q 10 in the cold tolerant D. 380 montana (1.9 ± 0.2) compared to that of D. melanogaster (2.6 ± 0.2) ( Fig. 2F) . 381
The different proportional effects of temperature on Na + and K + reabsorption were also 382 reflected in large and significant differences in the temperature effect ratio of Na + vs. K + 383 reabsorption (F 2,18 = 12.9, P < 0.001). Thus, D. birchii was characterized by a much larger 384 reduction in Na + reabsorption relative to the reduction in K + reabsorption (temperature effect 385 ratio of 11.7 ± 1.9) than D. montana (temperature effect ratio of 1.9 ± 0.5) with intermediate 386 values for D. melanogaster (temperature effect ratio of 5.1 ± 1.4) (Fig. 4A) . In other words, the 387 cold sensitive species (D. birchii) reduces Na + reabsorption rate ~ 12 fold more than it reduces 388 K + reabsorption rate while the tolerant species (D. montana) only reduces Na + reabsorption rate 2 389 fold compared to the reduction in K + reabsorption rate. 390
Intraspecific differences in hindgut transport during cold exposure 391
In a parallel set of experiments we tested how acclimation of D. melanogaster to high (23°C), 392 intermediate (19°C) and low (15°C) temperature affected hindgut reabsorption. Overall the 393 effects of cold acclimation (Fig. 3) were very similar to those found for cold adaptation (Fig. 2) . 394
There was a significant difference in fluid reabsorption rate between acclimation groups (P = 395 0.050) which were largely driven by differences measured at warm temperature (Fig. 3A) . Thus, 396 fluid reabsorption rate in warm-acclimated D. melanogaster (1.2 ± 0.1 nL min -1 ) was higher than 397 that of controls (19°C acclimated; 0.9 ± 0.1 nL min -1 ) and cold-acclimated flies (0.8 ± 0.1 nL 398 min -1 ). Exposure to cold drastically lowered these rates (P < 0.001) in all acclimation groups but 399 magnitude of this reduction was dependent on the acclimation treatment (P < 0.001). Cold-400 acclimated flies maintained a higher rate of fluid reabsorption at 3°C (0.24 ± 0.03 nL min -1 ) 401 compared to control flies (0.15 ± 0.03 nL min -1 ), which in turn had higher reabsorption rates than 402 their warm-acclimated conspecifics (0.11 ± 0.01 nL min -1 ). These differences also manifest in 403 the derived Q 10 's (P < 0.001) which ranged from 3.4 ± 0.3 in warm-acclimated D. melanogaster 404 to 2.6 ± 0.3 in controls and 1.8 ± 0.1 in the cold-acclimated conspecifics (Fig. 3B) . 405 K + reabsorption (Fig. 3C ) was significantly influenced by acclimation temperature, P = 406 0.002) with the highest rates measured in the cold-acclimated flies (21.1 ± 2.2 pmol min -1 ), 407 intermediate rates measured in control flies (16.9 ± 1.9 pmol min -1 ) and the lowest rates 408 measured in warm-acclimated flies (11.1 ± 1.2 pmol min -1 ). These rates were markedly reduced 409 by exposure to low temperature (P < 0.001), but the degree of suppression depended on 410 acclimation temperature (F 2,22 = 7.9, P = 0.003) such that cold-acclimated flies were better able 411 to maintain rates of K + reabsorption (6.5 ± 0.5 pmol min -1 ) compared to both control and warm-412 acclimated flies (3.2 ± 0.7 pmol min -1 and 3.9 ± 0.4 pmol min -1 , respectively). These patterns 413 resulted in Q 10 being highest in control flies (2.3 ± 0.2), while Q 10 was similar in the cold-and 414 warm-acclimated conspecifics (1.7 ± 0.0 and 1.7 ± 0.1, respectively) ( Fig. 3D) . 415
Rates of Na + reabsorption were generally independent of acclimation temperature (P = 416 0.995) but there was a highly significant interaction between acclimation group and the response 417 to cooling (Fig. 3E) . Thus, Na + reabsorption was markedly reduced by exposure to 3°C (P < 418 0.001) but this reduction was dependent on acclimation temperature (P = 0.008) such that cold-419 acclimated flies had the highest rate of Na + reabsorption at 3°C (21.0 ± 3.3 pmol min -1 ) while 420 control flies reabsorbed 12.1 ± 2.6 pmol min -1 and warm-acclimated flies only managed to 421 reabsorb 5.3 ± 1.1 pmol min -1 . The derived Q 10 therefore also showed significant differences 422 between acclimation treatments (P < 0.001) with the lowest Q 10 found in cold tolerant, cold-423 acclimated flies (1.7 ± 0.1), the highest in warm-acclimated flies (3.9 ± 0.4), and an intermediate 424 Q 10 in control flies (2.6 ± 0.2) ( Fig. 3F) . 425
To evaluate the cold induced reduction in Na + reabsorption relative to the cold induced 426 reduction in K + reabsorption we calculated the temperature effect ratios of ΔNa + reabsorption/ 427 ΔK + reabsorption for the three acclimation groups. Here we found a clear effect of acclimation 428 ( Fig. 4B , P = 0.004) such that the cold-acclimated flies had the lowest ratio (2.8 ± 0.4), control 429 flies an intermediate ratio (5.1 ± 1.4), and warm-acclimated flies the highest ratio (12.4 ± 2.8). 430 Accordingly, warm acclimated flies have a much larger reduction in Na + reabsorption rate than 431 cold acclimated flies when this is calculated proportional to their reduction in K + reabsorption 432 rate. 433
Discussion 434
A novel assay to study epithelial function in the hindgut of Drosophila 435
Maintenance of extracellular volume and ion composition is essential to survival in all animals 436 (Bernard, 1872; Beyenbach, 2016; Edney, 1977; Harrison et al., 2012) and in insects it is 437 primarily the Malpighian tubules and the gut that are responsible for maintaining osmotic and 438 ionic balance of the hemolymph (Edney, 1977; Phillips, 1970) . Studies of bulk ion and water 439 transport in small insects (<10 mg) has hitherto focused on Malpighian tubules because of the 440 relative ease in preparing and measuring net secretion in this system (using the Ramsay assay, 441 see Dow et al. (1994) and Rheault and O'Donnell (2004) ). Here, we present a novel experimental 442 assay which allows in vitro measurements of bulk fluid and ion movement across the hindgut 443 epithelia in Drosophila. Fluid reabsorption of the hindgut remained stable over time (at least for 444 three hours, Fig. 2 ) which allows for repeated measurements. Furthermore, we found the 445 predicted effects of metabolic blockade and pharmacological intervention ( Table 2) and 446 exposure to low temperature (general reduction in transport with a Q 10 ~2 to 5, Fig. 2 and 3 ) on 447 the rates of reabsorption. Lastly, by comparing the absolute rates of reabsorption from this study 448 with measurements of primary urine secretion from D. melanogaster (from MacMillan et al. 449
(2015a)) we find that the Malpighian tubules secrete ~ 3.4 times more fluid, ~ 28.5 times more 450 K + and ~ 6 % more Na + than is being reabsorbed. Some of these differences could relate to the 451 methodological differences between the Ramsay assay and the hindgut assay presented here: In 452 the Ramsay assay it is often difficult to include the lower, reabsorptive segment of the tubule 453 (see O'Donnell and Maddrell (1995)) and there is no fluid pressure to be overcome at the end of 454 the secreting tubule, meaning that secretion is likely overestimated. In the hindgut assay, the 455 Malpighian tubules may work against a fluid pressure inside the gut, and the primary urine also 456 passes through the reabsorbtive tubule segment before passing into the hindgut, such that there is 457 less substrate (e.g. gut content and primary urine) to reabsorb from. It is also possible that there 458 is some reabsorption from the mid gut and lastly, we did not quantify the amount of fluid and 459 ions leaving the system as fecal droplets which could also explain why rates of secretion at the 460 Malpighian tubules and absorption at the hindgut are not aligned. Sporadic measurements of the 461 ion concentration of the fecal droplets of control D. melanogaster did, however, reveal a high K + 462 concentration (95.6 ± 6.5 mmol L -1 , N = 14) and a moderate Na + concentration (48.2 ± 3.5 mmol 463 L -1 , N = 14) which could at least partially account for the different transport rates observed. The 464 dynamic interplay between secretion and reabsorption is also briefly demonstrated from the 465 studies in which we inhibit ATP-dependent transport at the Malpighian tubules with NaCN. This 466 treatment reduced both fluid and cation reabsorption at the hindgut to an extent similar to that of 467 NaCN poisoning of the hindgut itself ( Table 2) . This effect is probably not caused by CNions 468 being transported by the fluid flow as NaCN blockade at both ends of the system caused even 469 higher reductions in fluid, but it demonstrates logically that hindgut reabsorption is dependent on 470 the provision from the osmoregulatory organs upstream. This was also seen from the experiment 471 in which we decreasing buffer Na + concentration. This treatment leads to a reduction in the 472 primary urine Na + concentration (Beyenbach, 2019; MacMillan et al., 2015a ) and accordingly 473 we find here that Na + reabsorption is also reduced ( Table 2) . blockade suggests that the model is highly similar as; 1) inhibition of Na + /K + ATPase activity 485 with ouabain greatly reduced Na + and fluid reabsorption, 2) blockade of V-type H + ATPase 486 activity with bafilomycin A 1 reduced fluid and Na + reabsorption suggesting a role for H + 487 recycling and likely also the apical membrane potential in reabsorption of fluid and Na + , and 3) 488 blockade of Clchannels and transporters with DIDS almost completely abolished transport, suggesting that all cation transport is either linked directly to Cltransport or is reliant on the 490 movement of Clto maintain charge neutrality. Furthermore, we demonstrate that at least some 491 of these processes are modulated by cAMP which greatly increased reabsorption of both fluid 492 and cations, particularly K + . Increased intracellular concentrations of cAMP are a typical 493 response to several forms of neuroendocrine stimulation (Coast et al., 2002; Dow et al., 2018; 494 Phillips and Audsley, 1995). These findings show that the assay responds in general accordance 495 with the current model of insect hindgut reabsorption but we stress that the mechanisms involved 496 in this transport are complex and likely involve a range of channels, transporters and 497 neuroendocrine factors (with more being identified, see for instance Luan et al. (2015) ), which 498 should be studied in further detail. 499
The assay presented here requires relatively modest experimental equipment (a 500 microscope, a camera, a micromanipulator, and a steady hand) and the simple experimental 501 approach of this assay will allow researchers to address many questions regarding epithelial 502 function of a model insect (Drosophila) and probably also other small insects such as mosquitos. 503
The assay is more time consuming, but has several advantages compared to the SIET assay used 504 currently to study ion flux. These advantages are primarily that it is possible to measure bulk 505 transport and that it is possible to measure all ions while measurements of Na + is difficult using 506 the SIET system and often requires a non-physiologically low saline Na + concentration 507 1990), this hindgut assay holds a potential for future research on epithelial function that could be 511 aimed at unraveling 1) details of the physiological mechanism driving hindgut reabsorption, 2) 512 the humoral/neuroendocrine mechanisms that regulate hindgut reabsorption, 3) the dynamic 513 interplay between secretion at the Malpighian tubules and reabsorption at the hindgut, and 4) the 514 intricacies of how osmoregulatury function is recruited in Drosophila during stressful challenges 515 such are dehydration, extreme temperatures or diet and salt stress. 516
Cold adapted species preserve osmoregulatory capacity at low temperatures 517
Exposure to stressful cold causes chill sensitive insect species to lose ion balance characterized 518 by hemolymph hyperkalemia. This depolarizes excitable tissues and has been shown to directly 519 cause damage and thereby be a probable cause of injury and mortality at low temperature to study osmoregulatory adaptations in bulk transport at the hindgut. 526
In the present study we examined three Drosophila species that are known to differ 527 markedly in their cold tolerance. We have previously used this comparative model system and 528 the difference in cold tolerance is exemplified by the cold tolerant D. montana having a 529 markedly lower LT 50 , a much quicker recovery following a standard cold exposure, and a much 530 lower temperature threshold for the transition into chill coma (see Andersen et al. (2015) and 531 Andersen and Overgaard (2019) ). Consistent with our hypothesis, we found dramatic 532 interspecific differences in hindgut responses to low temperature. All species reduced ion and 533 fluid reabsorption when exposed to cold but importantly the reductions in reabsorption of fluid 534 and specific ions differed among species such that the most cold tolerant species (D. montana) 535 was able to defend Na + and fluid reabsorption compared to the reduction in K + reabsorption 536 while the more cold sensitive allospecifics (e.g. D. birchii) reduced Na + and fluid reabsorption 537 more compared to K + reabsorption rates (see Fig. 2 and 4A) . These responses can all be viewed 538 as being adaptive because they will to prevent the characteristic hyperkalemic condition that is 539 linked to chill injury. Specifically, preservation of Na + reabsorption helps prevent loss of Na + 540 balance which, along with the maintained rate of fluid reabsorption, will secure hemolymph 541 volume. Hyperkalemia in insects is often attributed to the reduction of hemolymph volume that 542 concentrates K + remaining in the extracellular fluid (MacMillan and Sinclair, 2011; Olsson et al., 543 2016 ). Preservation of fluid reabsorption of the cold adapted species exposed to cold is therefore 544 provisionary for normokalemia, and this is further aided by a marked reduction in K + 545 reabsorption. These results are corroborated by previous findings in the same species, namely 546 that the same trends have been found by Andersen et al. (2017c) who used the SIET method to 547 demonstrate that cold tolerant Drosophila species (e.g. D. montana) lower K + reabsorption more 548 than their cold sensitive allospecifics. The interspecific differences we observe in the hindgut 549 response to cold are more or less opposite to the effects observed for changes in secretory 550 function in the Malpighian tubules earlier (MacMillan et al., 2015a), and the responses therefore 551 reinforce each other. Specifically for the cold tolerant D. montana it is observed that K + secretion 552 is relatively higher in the Malpighian tubules and relatively lower in the hindgut in response to 553 cold -both responses will act to prevent hemolymph hyperkalemia. Similarly, fluid and 554 particularly Na + secretion are reduced in cold-exposed Malpighian tubules of D. montana and 555 both fluid and Na + reabsorption are defended better -again this will help preserve hemolymph 556 volume and Na + concentration, ultimately preventing hemolymph hyperkalemia. 557
In D. birchii we observed a reversal of Na + flux from Na + reabsorption to functional Na + 558 secretion in (Fig. 2E) . Leak of Na + down electrochemical gradients from the hemolymph into the 559 gut was first proposed as a cause of reduced hemolymph volume by MacMillan and Sinclair 560 studies have found that cold-acclimated insects are better able to maintain osmoregulatory 580 function when exposed to stressful cold (Gerber and Overgaard, 2018; Yerushalmi et al., 2018; 581 Yi and Lee, 2005) . These studies have also all demonstrated plasticity in the function of Malpighian tubules and the gut, but prior to this study no measurements of bulk fluid and ion 583 movements have been made for the hindgut of small insects like Drosophila. 584
Here we used D. melanogaster acclimated to three temperatures known to elicit changes 585 in cold tolerance (Bubliy et al., 2002; MacMillan et al., 2015d; Schou et al., 2017) . Similarly to 586 the experiments on interspecific variation (see Fig. 2 ) we found differences between groups in 587 their hindgut reabsorption capacity at low temperature (Fig. 3) . Overall exposure to low 588 temperature reduced reabsorption regardless of acclimation temperature, but like with the cold-589 adapted D. montana, cold-acclimated D. melanogaster were generally better at maintaining 590 transport rates when it comes to fluid reabsorption ( Fig. 2A and 2B) , a larger reduction in K + 591 reabsorption ( Fig. 2C and 2D) , and an improved maintenance of Na + reabsorption ( Fig. 2E and  592 2F). These findings corroborate previous findings made in an orthopteran insect (Gerber and 593 , and further so by SIET measurements made on the hindgut of acclimated D. overall result is highly similar to that described between species: improved cold tolerance is 597 achieved through modulations to the osmoregulatory systems that act to protect hemolymph 598 volume and Na + concentration and alleviate hemolymph normokalemia. 599
Conclusion 600
Overall there is now surmounting evidence that improved chill tolerance in Drosophila is tightly 601 linked to the ability to better maintain osmoregulatory function at low temperature in both sides 602 of the osmoregulatory system: The combined actions of the Malpighian tubules and the hindgut 603 act in synchrony to prevent loss of hemolymph volume and hyperkalemia. This is achieved by 1) 604 a greater reduction in K + reabsorption and a better maintained K + secretion, and 2) the 605 maintenance of a higher rate of Na + reabsorption and a lower relative rate of Na + secretion which 606 act to prevent loss of hemolymph volume by counteracting the passive leak of Na + and water into 607 the gut. However, while the present study identifies clear inter-and intraspecific differences in 608 ion and fluid transport and their response to cold, it does not reveal the physiological mechanism 609 behind these differences. Recent studies have suggested that neuroendocrine regulation plays a 610 central role in modulating cold tolerance via actions on secretory mechanisms (see Terhzaz et al. 611 (2015) and MacMillan et al. (2018)). However, in this and previous studies have demonstrated 612 differences in osmoregulatory capacity are found in in vitro assays that are devoid of 613 neuroendocrine input. It is therefore clear that some of the differences found in relation to 614 acclimation and adaptation must be related to more permanent physiological adjustments. Such 615 adjustments could include changes in protein expression or changes in membrane phospholipid 616 composition which could affect the active transport capacity as well as the passive conductance 617 of the epithelia. 618 619 which the hindgut, the upstream fore-and midgut and Malpighian tubules, or both systems were 840 exposed to a pharmacological agent to test the involvement of active transport and specific 841 transporters in determining hindgut fluid and ion reabsorption. Fluid reabsorption is presented as 842 nL min -1 while ion reabsorption (K + and Na + ) is in pmol min -1 . Reabsorption rates presented in 843 bold showed a significant effect of the intervention; for full statistical analyses see Table S1 . 844 the large droplet to help visualize the hindgut and to demonstrate that the primary urine and gut 859 content moved through the ileum and into the hindgut to supply fluid and ions for reabsorption. 860
Additionally, a small pink droplet of fecal matter can be seen in the background out of focus 861 (arrow). melanogaster. N = 7 per species and 9, 7, and 9 per acclimation temperature for D. melanogaster 886 (note that the data for D. melanogaster has been used twice as these were acclimated to 19°C for 887 the interspecific experiments). Groups not sharing letters are statistically different based on 888 Tukey's Honest Significant Differences post hoc tests. 889
